FRAPCON fuel performance code is being modified to be able to model performance of the nuclear fuels of interest to the Global Nuclear Energy Partnership (GNEP). The present report documents the effort for verification of the FRAPCON thermal model. It was found that, with minor modifications, FRAPCON thermal model temperature calculation agrees with that of the commercial software ABAQUS . This report outlines the methodology of the verification, code input, and calculation results.
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INTRODUCTION
The thermal model in the Transuranic (TRU) Fuel Performance Code is used to calculate the temperature distribution through the fuel and cladding at axial nodal locations along the height of the fuel. Temperatures are calculated for (1) the coolant, (2) the inside and outside surfaces of the cladding, and (3) radial locations throughout the fuel, including its outside surface. Assuming symmetry about the fuel axis and no heat conduction in the axial direction, a one-dimensional temperature distribution is determined at each of the axial locations.
The bulk coolant temperatures along the height of the fuel rod are calculated assuming a single, closed coolant channel with a known inlet temperature. The mass flux and coolant heat capacity correspond to liquid sodium coolant. Convective heat transfer for a liquid sodium coolant is assumed in determining the cladding surface temperature. The Borishanskii, Gotovskii, and Firsova correlation (Reference 1) is used for the convective heat transfer coefficient because it agrees well with experimental data for liquid sodium.
The temperature drop across the cladding is calculated assuming steady-state conduction heat transfer through a cylinder with a uniform thermal conductivity representing that of HT9 stainless steel (Reference 2).
In mixed-oxide (MOX) fuel, the gap between the fuel and cladding is occupied by gas. The temperature drop across the gap includes the effects of conductive heat transfer through the gas and contact conductance between the fuel and cladding when the fuel and cladding make contact. In addition, the effect of radiation heat transfer from the fuel to the cladding is included. The code lumps these contributions into a total effective conductance for the gap, then uses this and the known heat flux at the gap location to determine the temperature drop across the gap.
The temperature distribution across the radius of the fuel is determined assuming steady-state heat conduction through the fuel. The temperatures are calculated at several nodes across the radius using the finite-difference model that has been built into the FRAPCON-3 Code. The source term in the equation is based on an axial power function representative of the fuel modeled. The thermal conductivity for the fuel is currently that used for oxide fuel in the FRAPCON-3 Code.
The solution in the thermal model is obtained iteratively at each power time step, so that material properties are consistent with the temperatures calculated. Also, results are communicated between the temperature, deformation, and gas pressure models, so that the temperatures, gap size, and gas pressure converge at each step.
As described herein, the thermal model has been verified for use on a fuel rod in a fast reactor by comparing its results with those obtained from finite element heat transfer analysis.
VERIFICATION APPROACH
The approach to verifying the thermal model was to perform analyses on three sample problems using both the TRU Code and the ABAQUS (Version 6.4-4) finite element analysis computer program (Reference 3). Calculated temperatures obtained from the two codes for the three cases analyzed are compared as a means of evaluating accuracy of the code's results. The three cases analyzed have geometry, power history, cladding, and coolant that are characteristic of a TRU fuel rod.
TRU FUEL PERFORMANCE CODE ANALYSES
The input file to the TRU Code for the cases evaluated is contained in Appendix A. The model consists of 11 radial nodes from the center of the fuel to the outside radius of the fuel pellet, and 4 nodes in the axial direction. The first case involves a power time step that occurs early during irradiation, when the power level is relatively low. The temperature distribution corresponding to axial region 2 and time step 4 was selected for this comparison.
The second case involves a time step occurring later during irradiation when the fuel centerline reaches a temperature of 2,000°C. The temperature distribution corresponding to axial region 4 and time step 10 was used for this comparison.
The third case involves closure of the gap between the fuel and cladding. Gap closure was attained in this analysis by reducing the initial gap thickness from 0.005 in. to 0.0005 in. in the input file. In all other respects, the input file is the same as that used for the cases above. Again, the temperature distribution corresponding to axial region 4 and time step 10 was used for this comparison.
The analyses using the TRU Code were performed on a Sun Fire V20Z with AMD Opteron processors and Mandrake Linux 10.0 operating system.
ABAQUS FINITE ELEMENT HEAT TRANSFER ANALYSES
The finite element model used in the ABAQUS heat transfer analyses is shown in Figure 1 . As with the model used in the TRU Code, it consists of ten elements through the thickness of the fuel, a gap with conductance and radiation between two surfaces, and one element for the cladding. The elements are axisymmetric finite elements arranged in the same graduated mesh as was used in the TRU Code analysis. Parameters used in the heat transfer analyses consist of nodal dimensions, thermal conductivities and power densities for each finite element in the fuel, conductance for the gas in the gap, emissivities for the fuel and cladding surfaces at the gap, cladding conductivity, film coefficient for convection at the outer surface of the cladding, and the coolant temperature. Values used as input to the ABAQUS analyses were obtained from the TRU Code analysis. For example, radiation in the gap was modeled using surface emissivities obtained from the TRU Code analysis, and heat conduction across the gap was modeled using the gas conductance obtained from the TRU Code analysis. Units of W, cm, and K were used in the ABAQUS analyses, so quantities obtained from the fuel performance code were converted to these units where necessary. The values used for these parameters are listed in tables in Appendix B for the cases analyzed. The ABAQUS input files for the three cases are also contained in Appendix B. 
COMPARISON OF RESULTS
Case 1
The calculated temperature distributions obtained from the two codes for Case 1 are presented in Figure 2 . The distributions shown extend from the fuel centerline to the outside surface of the cladding. The large temperature drop occurring at a radius of about 0.25 cm is that due to the gas gap between the fuel and cladding. The comparison shows reasonable agreement in results. In the FRAPCON-3 Code, the radial dimensions of the fuel and cladding are recalculated at each time step to account for thermal expansion and swelling of the fuel and thermal expansion and structural deformations of the cladding. The code does not, however, actually use these modified dimensions in calculating the temperature distribution for the fuel rod, using instead the initial dimensions of the fuel rod. The ABAQUS results shown above, though, were based on the modified radial dimensions. A second ABAQUS analysis was performed using the initial radial dimensions throughout the fuel rod. This change resulted in very close agreement between the two codes, as shown in Figure 3 . Comparison between calculated temperature distributions across the fuel rod for Case 1 (using initial radial dimensions in both codes).
Case 2
This case involved higher power levels, and therefore higher fuel temperatures than those of Case 1. Comparisons between ABAQUS and TRU Code results are shown in Figure 4 . The results show a measurable difference between the two codes. The ABAQUS results shown in Figure 4 were obtained using modified radial dimensions in the analysis. A second ABAQUS analysis was again performed using initial radial dimensions throughout the fuel rod. Results are plotted in Figure 5 , which again show that the two codes are in very close agreement when the same radii are used. Comparison between calculated temperature distributions across the fuel rod for Case 2 (using initial radial dimensions in both codes).
Case 3
In this calculation, the initial gap between the fuel and cladding was narrowed from 0.005 in. to 0.0005 in. so that the gap would close during irradiation. Comparisons between TRU and ABAQUS results are shown in Figure 6 for the same power time step and axial location as in Case 2. It is evident that closure of the gap significantly decreased the temperature drop across the gap, and resulted in a lower fuel centerline temperature. These results show reasonable agreement between the two codes. Because of the lower fuel temperatures, the difference in results between codes is not as pronounced as in Case 2 ( Figure 4) . The ABAQUS results shown in Figure 6 were obtained using modified radial dimensions in the analysis. A second ABAQUS analysis was again performed using initial radial dimensions throughout the fuel rod. Results are plotted in Figure 7 , which again show that the two codes are in very close agreement when the same radii are used. 
MODIFICATIONS TO THE TRU CODE TEMPERATURE CALCULATION TO ACCOUNT FOR HOT FUEL RING AND CLADDING RADII
As stated above, the FRAPCON-3 thermal model uses the initial (cold) radial dimensions in calculating the temperature distribution across the fuel rod. Based on results shown above, this caused some deviation from ABAQUS results when the ABAQUS analysis was based on hot radial dimensions for the fuel and cladding. It is noted that FRAPCON-3 does use hot radii to monitor the size of the gap between the fuel and cladding at each power time step. This gap size is then used to determine the gap conductance at each step, which is essential to calculating an accurate temperature drop across the gap.
Modifications were made to the TRU Code so that it would account for changing radii in its calculation of the temperature distribution through the fuel. This required changes to the frpcon, tmpsub, and fueltp subroutines so that the finite difference solution for the temperature distribution would use the hot fuel ring radii. It was also necessary to assure that the power densities for the fuel rings were based on the changing radii. Changes also were made to the cladrp subroutine so that the temperature drop across the cladding was based on hot cladding radii. Once these changes were made, then Case 2 above was rerun in both the TRU Code and ABAQUS. The ABAQUS analysis had to be rerun because the modifications to the TRU Code resulted in changes to the fuel radii, conductivities, and power densities, and to the gap conductance for this problem. The ABAQUS input file is included in Appendix B. Results for this case, which account for changing radii in both codes, are presented in Figure 8 . These results serve to verify that changes were correctly implemented to account for changing radii in the TRU Code thermal model. 
EVALUATION OF THE NODAL MESH
FRAPCON-3 employs variable nodal meshing, which places a greater density of nodes near the outer surface of the fuel. This gives better treatment of the larger temperature gradients and volume of material present at radii near the outer surface of the fuel. An assessment as to how well this meshing scheme performs when calculating the temperature distribution was made by performing an additional ABAQUS analysis, where 20 finite elements were spaced uniformly over the radius of the fuel (Figure 9 ). In this analysis, the cladding was divided into two elements instead of the single element used in FRAPCON-3. The fuel conductivities and power densities for each of the elements were adjusted according to the dimensions of the element, and are listed in Table 6 of Appendix B. Results obtained from using this mesh on Case 2 are compared in Figure 10 to ABAQUS results that were based on a FRAPCON-3 mesh having 11 nodes over the radius of the fuel. This comparison shows that the refined mesh had little effect on the calculated temperatures. A second comparison relative to mesh evaluation was made by analyzing Case 2 in the TRU Code with a 21-node mesh. Utilizing the built-in FRAPCON-3 meshing scheme, the nodes were arranged as shown in Figure 11 . Results obtained with the 21-node mesh are compared in Figure 12 to results obtained from the analysis using the TRU Code with an 11-node mesh. The mesh refinement had a very minor effect on results. 
CONCLUSION
The thermal model in the TRU Code calculates a temperature distribution across the radius of a fuel rod. Validity of this model was verified herein by comparing results obtained from the analysis of an oxide fuel under fast reactor conditions with results obtained from finite element heat transfer analysis using the ABAQUS Code. Three basic cases considered were low power, high power, and a case where the fuel contacts the cladding. Favorable agreement in results for the two codes was attained in two of the cases, serving to verify the thermal model. However, there was a measurable difference in results for the case involving high power (and, therefore, high fuel temperatures).
In the FRAPCON-3 Code (which is the basis for the TRU Code), the radial dimensions of the fuel and cladding are recalculated at each time step to account for thermal expansion and swelling of the fuel and thermal expansion and structural deformations of the cladding. This code does not, however, actually use these modified dimensions in calculating the temperature distribution for the fuel rod, using instead the initial dimensions of the fuel rod. The ABAQUS analyses, though, were based on the modified radial dimensions. When the ABAQUS analyses were rerun using the initial radial dimensions, results from the TRU Code and ABAQUS agreed closely in all cases. This indicated that the difference in treatment of the radial dimensions accounted for the difference in code results. Therefore, the TRU Code was modified such that updated radial dimensions are used in the thermal model for the fuel rod. When this modified version of the code was applied to the case involving high fuel temperatures, close agreement was obtained with results from ABAQUS for the same problem.
The suitability of the meshing scheme used in the TRU Code for determining the temperature distribution was also evaluated. This was done by comparing results obtained from the graduated mesh used in the TRU Code with results obtained from a more refined mesh having uniform nodal spacing. The agreement in results indicated that the meshing scheme in the TRU Code works well for the temperature calculation. Additionally, a very close agreement in results was obtained from analyses performed with the TRU Code involving two different mesh densities, which further indicates that the thermal model is working effectively.
The thermal model in the TRU Code also treats heat transfer across the sodium bond in metal fuel. This aspect of the code will be tested when thermal conductivities of metal fuel are incorporated in the code.
Input to ABAQUS Heat Transfer Analysis
Following are tables that list values for various parameters used as input to the ABAQUS heat transfer analyses. 
